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High-Permeable Concrete with Drainage Effect:
Analysis of the State and Prospects of Development

The subject of this work is a multi-criteria analysis of the status and technology development prospects for the production and use of
highly permeable concrete with a drainage effect, to which are assigned materials with a permeability coefficient of at least 0.1 cm/s,
provided with highly porous structure concrete without taking into account technological holes. Analysis of the results of experimental
studies performed by both domestic and foreign authors in the last decade, and presented in an open peer-reviewed sources, allowed
to structure highly permeable concretes on a functional purpose. Highlighted concrete for road and sidewalk coverings, filtration sys-
tems and drainage gutters, as well as decorative concrete with an organic plant layer, the so-called “green concretes”, which, in turn,
are used for both horizontal and vertical engineering solutions, and characterized high architectural expressiveness. The accumulated
empirical material made it possible to generalize and structure the available data according to criteria such as the type of binder used,
the genetic type of rocks used to obtain coarse aggregate, and the type of functional additives. The analysis of the results of work on
the development of rational compositions, increasing the drainage ability, strength, wear, frost and corrosion resistance, as well as
studying the mechanism of clogging of through pores and the destruction of highly permeable concrete, is presented. Defined bound-
ary values of porosity, strength, and water permeability coefficient for the concretes type under consideration depending on the func-
tional purpose. The existing problems are identified and ways to increase the efficiency of highly permeable concrete with a draining
effect are outlined.
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BbicokonpoHuuaembie 6eTOHbI ¢ APEHUPYHOLLUM 3(h(DEKTOM: aHANU3 COCTOAHUA BONPOCA U NEPCNEKTUBbI Pa3BUTUS

lpeameTom HacTosLLel pa6oTbl ABUCA MHOTOKPUTEPUANbHbIA aHANN3 COCTOAHMA W NEpPCNeKTB Pa3BUTUS TEXHONOTMIA NOMY4eHNs U MPUMEHEHNS BbICOKOMPOHULIAEMbIX 6ETOHOB C
JPEHNPYIOLLMM 3D(EKTOM, K KOTOPbIM OTHECEHbI MaTepuabl C KO3 MULNEHTOM NPOHNLIAEMOCTY He Hinke 0,1 cm/c, 06ecneyeHHbIM BbICOKOMOPUCTON CTPYKTYPOIl 6eTOHA 6e3 y4eTa
TeXHONOrM4YECKNX OTBEPCTHIA. AHANN3 Pe3yNbTaToB AKCMEPUMEHTaNbHbIX NCCeA0BaHNIA, BbINONHEHHbIX KaK 0TE4ECTBEHHbIMM, Tak W 3apy6exKHbIMU aBTOpaMit 3a NocneaHee
JlecaTNeTve 1 NpeACcTaBeHHbIX B OTKPbITbIX PELIEH3NPYEMbIX UCTO4HUKAX, NO3BONUN CTPYKTYPUPOBATL BbICOKOMPOHMLIAEMbIE GETOHBI N0 (DYHKLIMOHANLHOMY Ha3Ha4eHWt0. BbiaeneHbl
6ETOHbI ANA AOPOXKHBIX 11 TPOTYaPHbIX MOKPLITUIA, CUCTEM (ULTPaLMKM U APEHAXKHBIX BOAOCTOKOB, @ TaKXKe [eKOpaTiBHbIe 6ETOHbI C OPraHN4eckIM pacTUTesbHbIM CNI0eM, TakK
Ha3blBaeMble «3efeHble» GETOHDbI, KOTOPbIE, B CBOKO 04EPefb, NPUMEHAKTCA KaK ANs rOPU3OHTANbHBIX, TaK N ANS BEPTUKANbHbIX MHXEHEPHbIX PELLUEHNI 1 XapaKTepu3yrTCs BbICOKO
apXUTEKTYPHOI! BbIPa3UTeNbHOCTbIO. HaKOMMEHHbI SMNUPUYECKMiA MaTepran No3BONNA NPOBECTM 0606LLEHNE U CTPYKTYPUPOBAHNE UMEIOLLMXCA AAHHBIX MO TaKUM KPUTEPUAM, Kak BIAA
NPUMEHAEMOTO BSXKYLLIEr0, FeHETUHECKIIA TN TOPHbIX MOPOA, UCNOMb3YEMbIX 1A NOMYYEHNs KPYMHOro 3anoNHUTENs, BUA (hyHKLNOHANbHbIX [06aBOK. [pefcTaBneH aHanms
pesynbTaToB pa6oT no pa3paboTke paLnoHabHbIX COCTABOB, MOBBILLEHWIO APEHMPYIOLLER CNOCOBHOCTM, MPOYHOCTH, N3HOCO-, MOPO30- 11 KOPPO3MOHHOI CTOMKOCTH, @ TAKXKe U3y4eHNt0
MeXaH13Ma 3aCOPEHNst CKBO3HbIX MOP M Pa3PYLLEHNA BbICOKOMPOHULIAEMOr0 6eTOHA. BbiBeJeHbl rpaHNyHbIe 3HAYEHNS NOPUCTOCTI, MPOYHOCTM 1 KO3(PULMEHTA BOAONPOHNLIAEMOCTY
ANs paccMaTpuBaemoro BiAa 6eTOHOB B 3aBUCMMOCTY OT (HYHKLMOHANbHOrO HasHa4eHns. 0603Ha4eHbI CyLLECTBYIOLMe NPO6IEMbI U HAMEYEHbI MyTV NOBbILIEHNS 3D(EKTUBHOCTI
BbICOKOMPOHMLAEMbIX 6ETOHOB C APEHNPYIOLLNM 3ChPEKTOM.

Kntoyesble cnosa: BbICOKONPOHWULIAEMbIV 6ETOH, MPOHNLIeMbIVi 6ETOH, MPOHNLAEMOE NOKPbITUE, APeHaXHbIA 6ETOH, MOPUCTbIA 6ETOH, KDYMHO3EPHUCTbINA 3aN0NHUTENb, CKBO3HbIE
nopbl, KO3MULUMEHT NPOHULAEMOCTH, MEXaHNU3M 3aCOPEHNS.
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Concretes: science and practice

Nowadays the use of permeable concrete pavement
and related studies increased due to its environmental
friendliness, reduction of pollution and geothermal degree
of the environment, the improvement of traffic safety
conditions, especially during rainy days.

Due to the “frame — pore” structure and, as a result,
high open through porosity, highly permeable concrete is
characterized by a high filtration coefficient and enhanced
drainage effect.

Highly permeable concrete is used in hydraulic
engineering and road construction, in the creation of
filters and drainage systems for the removal of melt and
rain water from pavements, as well as in the installation of
fasteners for earthworks and antimud facilities and other
structures. In road construction, this type of concrete is
used either as a supporting drainage layer, laid under the
cover of a road and installed under a tiled floor or paving,
or for the creation of parking lots, pedestrian and bicycle
paths and other coatings with low traffic intensity. When
necessary the structures of highly permeable concrete with
a draining effect are reinforced, which makes them less
susceptible to tensile forces.

The use of this kind of concrete eliminates the need to
create storm collectors and communication modules,
which reduces the cost of installing underground pipelines
and storm drains, as well as their maintenance. Being a
stable element of the urban drainage system, highly
permeable concrete plays an important role in the
reduction of local floods in urban areas, regulating the
urban microclimate and maintaining the ecological
balance [1].

A relatively new area of the use of highly permeable
concrete, which is still not very common in Russia, is the
creation on its basis of living concrete materials and
systems [2—5]. They are aimed at the development of
biophilic design in cities facing a changing climate and
population compaction. Plant concrete [3—5] is an
effective environmentally friendly material, which is
increasingly used in the creation of architectural facades
of buildings, sidewalks, car parks and embankments in
order to reduce environmental pollution, control storm
drains and prevent landslides. In comparison with existing
living wall systems, light, “hanging like curtains on the
building’s fagcade”, made of felt and plastic for example,
the use of highly permeable concrete in the construction
of living walls [2] helps to extend their life cycle and
reduce cost by eliminating the secondary supporting
structure and the possibility of integrating such walls into
the structure of a building.

However, despite the possibility of the use of a wide
range of applications of highly permeable concrete, due to
sufficient deformation-strength, thermotechnical, sound
insulating indicators and high fire resistance, the problem
of extending the life of this material in connection with its
operation in conditions where it is subjected to a
superposition of corrosive attack, physical, chemical and
biological factors, as well as reduced permeability due to
clogging remains not solved. It is obvious that each type of
impact leads to operational fatigue of the building material

and has a significant impact on the final resistance and
durability of structures during operation, therefore
permeable concrete requires regular maintenance by
vacuum treatment, pressure washing, etc. Aggressive
operating conditions cause the need to assess the impact
and take into account the contribution of each type of
impact, both in the development of optimal compositions
and in the operation of structures made of highly permeable
concrete, which isanimportant task during the development
of the methods for resistance and stability prolongation.

Results of Published Data Analysis

Issues of definition

In the course of the search and analysis of scientific
literature, the divergence in interpretation were identified
in understanding the key definition for the description of
highly permeable concrete with a draining effect, and
therefore, it is necessary to dwell on the issues of definition.
To describe this type of concrete, scientists from different
countries use the following terms: permeable [6—53],
drainage [54, 55], high permeability [56], water permeable
[57], porous concrete [58—69], living [2, 4], plant [3, 5],
etc. The search of sources with all of the above terms was
carried.

According to SP 28.13330.2017 [70], there is a
classification of concrete by permeability, according to
which the maximum values of the filtration coefficient
(2—=7x107%/s) correspond to the concrete grade W4 of
normal permeability. At the same time, according to the
analysis of scientific literature, as well as regulatory
documents of enterprises, concrete with a draining effect
should have a throughput of at least 0.1 cm/s. In this
regard, we can not refer drainage concrete to materials
with “normal permeability” or to call it simply permeable,
despite the existing classification. Therefore, we use the
concept of highly permeable concrete.

The concept of permeable or drainage concrete is also
understood as the creation of structural solutions for road
surfaces and slabs, obtained on the basis of coarse or fine-
grained, dense or cellular concrete with the creation of
service holes. Thus, in one of the analyzed works [7], the
concept of permeable concrete was applied to porous
concrete with technologically created through open pores,
which fundamentally distinguishes this material from the
rest. This work was included in the selection of articles,
since it met the requirements for it. However, it is not
correct to refer such material to permeable concrete,
therefore, similar design solutions were not considered in
this article when analyzing the compositions and
technology of material production.

Despite the fact that there are many publications on
the creation and use of highly permeable concrete [1—53,
71—73], a number of unresolved issues remain related to
the low strength and durability of materials. In order to
generalize the research results, identify the applied
technological solutions and their influence on the
properties of the obtained highly permeable materials, the
proposed analysis of scientific publications seems is very
relevant.
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Thus, the subject of this article is the
analysis of literary sources that consider
the development of concrete with a
permeability coefficient of at least
0.1 cm/s, provided with a highly porous
concrete structure without taking into
account service holes that are used as the
top layer of the structural solution in
road construction, filtration systems and
drainage gutters, as well as decorative
materials and systems with an organic
plant layer.

Publication year
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Fig. 1. The dynamics of publication activity
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The analysis of publication activity
was carried out on the basis of several
factors, such as: the number of
publications for a given period (Fig. 1),
the involvement of scientific schools in
different countries (Fig. 2), climatic
conditions for the study of this kind of concrete.

During the ranking of articles according to the number
of publications for a given period (Fig. 1), it was revealed
that interest in the research topic has a pronounced
growth. To date, the peak of publication activity is in
2019, but the number of articles in the first two months of
2020 is 22 of those published last year. This suggests the
excess in indicator of 2019.

Fundamental and applied research in the field of
development of highly permeable concrete is carried out
by both Russian and foreign scientific schools (Fig. 2).
The attempts to implement the research results with
access to industrial testing of technologies also remain the
prerogative of foreign researchers to a greater extent. The
leading positions in the study of highly permeable concrete
with a drainage effect are occupied by scientists from
China, Malaysia, the USA and India.

Probably, the leadership of these scientific schools is
explained by the need to solve practical problems relevant
to their respective climatic zones, associated with
increased amount of precipitation and air temperature
that rarely drops below 0°C.

Thus, in the subtropical climatic zone (the USA, the
Northern China), subtropical cyclones predominate, and
precipitation occurs in the cold period, when the air
masses move towards the equator. The subequatorial

draining effect
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Fig. 2. Russian and foreign scientific schools that study highly permeable concrete with a
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climatic zone (India, the Southern China) in the summer
is influenced by equatorial moist winds, in the winter — by
trade winds. The closer to the equator, the more it rains.
The equatorial climate (Malaysia) remains virtually
unchanged throughout the year. Temperature does not
fall below + 27°C. Due to heavy rainfall, high humidity,
fog and cloudiness are formed.

Thus, there is a correlation between the interest of
scientific schools involved in the study of highly permeable
concrete with a draining effect and their belonging to
certain climatic zones. At the same time, in recent years,
the increase in the number of publications in which the
results of studies on the development of compositions and
the study of the properties of such a variety of concrete,
design solutions for the use of products from high-
permeable concrete and the expansion of their use from
drainage concrete for road surfaces to the so-called
“Green” concrete, indicates the interest and demand for
this type of composite materials in construction.

Analysis of the results of experimental studies

The analysis of publications revealed that it was
impossible to specify the data on the properties of raw
materials and developed concrete to uniform quality
indicators, in view of the different presentation of
information by the authors, which was reflected in the
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structured information of Table 1, as well as the absence
of a number of physical and mechanical properties, which
did not allow the inclusion of the results of these articles in
statistical processing. On the one hand, this makes it
difficult to generalize and establish the laws of the
properties of the developed materials on the type and
characteristics of raw materials, and on the other, it allows
expanding the range of possible methods for the assessment
of properties and controlled parameters.

For example, the authors of the works [1, 11, 40, 44,
45] touched upon the issue of forecasting, as well as
increasing the permeability and strength of studied
material. A distinctive feature of the studies [6, 66] is the
search for methods to eliminate of through pores clogging
of highly permeable concrete material and the analysis of
the mechanism of their clogging. In the works [37, 69] the
results of the studies of destruction mechanisms of
permeable concrete are presented; the articles [28, 31, 47,
49, 50, 57, 58, 74] present the assessment of filtration
ability; the authors of publications [13, 38, 51] pay their
attention to the influence of the thickness of cement paste
on the characteristics of highly permeable concrete. For
convenient information perception, when describing the
results of the studies of various authors on the graphs and
in text, we gave references not only to the source of
information, but also to the sample number indicated in
the first column of Table 1.

The analysis of the results of experimental studies
(Table 1) [1-5, 8—17, 19—38, 40—48, 54—65, 67—69, 75,
76, 78, 79, 84] allowed structuring publications on the
topic of highly permeable concrete with a draining effect
according to the following criteria.

— By composition:

1. Based on cement without using a polymer binder

2. Based on cement using a polymer binder.

3. Based on a polymer or organo-polymer binder.

— According to the functional purpose:

1. Concrete for road and pavement.

2. Concrete for filtration systems and drains.

3. Decorative concrete with an organic plant layer.

A distinctive feature of mixtures for highly permeable
concrete is the absence or minimum amount of fine
aggregate, which provides a large-pore structure. The
most commonly used binder is Portland cement, rarely
bitumen. This is largely due to the fact that cement
concrete pavements have a higher degree of reflection
than asphalt concrete pavements, which means that they
prevent the temperature rise of the urban pavement in
summer and can save up to 31% of the cost of energy and
maintenance spent on lighting these pavements.

Following the steady trend of recent decades in the
direction of resource reduction and energy consumption
of building materials industry, in order to reduce the
binder consumption while maintaining its performance
characteristics when designing highly permeable concrete,
industrial wastes are used as active mineral additives
(pyrogenic — fly ash, slag; mechanogenic — highly
dispersed rock crushing fines). Depending on the method
(separate introduction or joint grinding) and the amount

of introduction, the authors consider this as the use of
mineral additives [3, 11, 12, 15, 24, 25, 31, 56, 65, 75, 76]
or as the preparation of a composite inorganic binder [13,
16, 21, 57, 61, 69]. A separate layer of work is associated
with the wuse of sulfoaluminate cement (fast-
hydrating) [4, 5], slag Portland cement [57] and pozzolanic
cement [61] (sulfate-resistant), phosphate-magnesium
cement (quick-hardening) [16] as a binder.

In view of the need to increase the water and frost
resistance of highly permeable concrete and their
mechanical properties, a number of works are based on
the use of polymer binders, such as polyester resins [17],
emulsions of ethylene vinyl acetate [35] and latex [64],
silane polymer [9] as part of a raw material mixture,
styrene-butadiene-styrene [7, 20, 46, 58—62, 64, 67].
Moreover, their content varies from 3.2% by weight of
cement [34], which can be considered as an additive, to a
“cement: polymer binder” ratio of 2: 1 [62], which
corresponds to the concept of a composite organo-mineral
binder. However, the high cost of polymers and the
viscosity of some of them, for example, epoxy resin, as
well as their sensitivity to open flame and elevated
temperature, lead to the limit of their use, difficulties in
mixing the components and destruction of the material,
respectively. In this regard, the use of low cost polymer
binder options, such as polyester resins, is recommended.

The optimum range of water-cement ratio in terms of
strength and permeability is from 0.30 to 0.38, however,
the increase in the content of cement paste can cause local
clogging, segregation of cement and a decrease in
permeability, leading to the formation of concrete with a
low filtration capacity, despite the high porosity [11, 13,
52, 77].

The aggregates in highly permeable concrete with a
draining effect have a uniform or narrow fraction, mainly
from 4.75 to 19.5 mm, which allows creating larger pores
and improve permeability. Fine aggregate, as a rule, is
excluded from permeable concrete, but the addition of a
small amount (up to 7% of the mass of large aggregate)
increases strength, density and frost resistance, while
maintaining sufficient water throughput. The use of
aggregates with high water absorption or low density leads
to the decrease in frost resistance of concrete [14].

Most often, limestone aggregate is used in the analyzed
works [2, 3, 10, 13, 30, 31, 33—35, 38, 45—47, 65], granite
is used but less frequently [12, 23, 27 , 36, 62, 64, 76, 78],
we also found the publications on the use of basalt [1, 15,
25, 58], pumice [22, 30], expanded clay [4, 11], quarry
stone [79], diabase [65], sandstone [ 59] (Fig. 3). This can
be explained firstly, by the maximum use of local raw
materials. Secondly, even with the presence of crushed
stone from strong igneous or metamorphic rocks, the
preference may be given to less strong carbonate rocks,
which is associated with the absence of the need to use
crushed stones of higher grades for road pavements with
low throughput.

In the absence of the need to obtain high-quality
concrete, quite often secondary products and industrial
waste are introduced into the concrete mixture for highly
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permeable concrete in the form of aggregate or its
component [80]: crushed concrete screenings [25—27,
62], construction waste [5, 9 , 57], glass fragments [19,
26], rubber crumbs [42, 56, 67], ceramic brick waste [25],
palm oil production waste [33, 36], slag waste [14, 16, 40],
etc. However, the excess of certain quantitative values of
the input waste leads to a noticeable decrease in the
strength of concrete, which limits their use.

The researchers note that despite the fact that mixing
aggregates of different fractions improves mechanical
properties, there is a decrease in porosity and filtration
rate, which negatively affects highly permeable concrete.
Rounded aggregate, such as gravel, pebbles, creates a
denser packing, reducing porosity. Flaky placing in the
same plane during compaction, also increases density,
and also negatively affects the contact area and
monolithization by binders [6, 9].

In order to improve the physic-mechanical properties
of highly permeable concrete with a draining effect, as
well as to improve the quality of other types of concrete
[81, 82], micro-reinforcing additives such as basalt [1],
polypropylene [35] and fiberglass [43, 57] and also
nanomaterials as nanosilica [21, 55, 56] and nanoferrous
[31] are used. The use of nanomaterials allows increasing
strength, but the high cost of such components makes
their use difficult [83].

Various functional additives are actively used. For
example, plasticizers [2, 10—15, 21, 22, 24, 34—37, 40, 43,
48, 57, 60, 63, 68, 69, 76, 84] increase the mobility of the
mixture at a constant amount of water; set retarders [4, 47]
increase the efficiency of the mixture by reducing the rate of
cement hydration. Thickeners [20]; water reducing
additives [3, 4, 20, 31, 45, 55, 75]; viscosity modifiers
increasing the uniformity of the mixture and preventing the
depletion of cement paste and air-entraining additives
increasing the frost resistance of the cement matrix [37, 45]
are also used. This group of additives also includes absorbing
components that favorably affect the adhesive ability of
highly permeable concrete, helping to improve the moisture
resistance of the mixture and remove
impurities, while lowering the pH of the

filtered liquid (sample 68, 72) [57, 58]. 40

It is necessary to note that in most 5
works [2, 4, 5, 8, 11, 12, 15, 20, 24, 28,

32, 42, 45, 58—60, 65, 67, 68], the 30

25

20

15

10

that the porosity of products from such 5

45

functional properties of drainage
concrete are studied, however, their
numerical values are not given in the text
of the articles.

Analyzing the operational properties
of highly permeable concrete, we can say

Frequency of occurrence of aggregates, %

concrete (Fig. 4) varies in the range from
12.4 to 38% and depends on the type of
aggregates and compaction method, the
average porosity of the analyzed samples
is as follows:

— for road and pavements surfaces —
23.5%;

0

Limestone
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— for filtration systems and drainage systems — 21.4%;

— decorative concrete with an organic plant layer —
31.4%.

At the same time, the lower boundaries of the average
values of porosity are 15.7%, 14.2%, and 20.9%,
respectively, and the upper ones are 31.4%, 28.5%, 41.9%.
52 samples out of 63 fell into the zone of average values, 5
samples were in the zone below the average (sample
numbers in the table are 8, 17, 45, 54, 62), however, their
porosity is not much lower than average.

The compressive strength (Fig. 5) ranges from 5.7 to
73.9 MPa, the average values of the strength of the
samples are 21.8 MPa, the lower limit of the average
values of strength is as follows:

— for road and pavement surfaces — 22.7 MPa;

— for filtration systems and drainage systems — 13.0
MPa;

— decorative concrete with an organic plant layer —
10.2 MPa.

The upper boundaries of the average strength values
are 30.2 MPa, 17.3 MPa, and 13.7 MPa, respectively. 35
out of 64 samples fell into the zone of average values; 17
samples were below the average. In some cases (sample
numbers in the table are 7, 8, 19, 50, 51, 67), the strength
indicators are significantly higher than the others.

The cement paste in permeable concrete is a very thin
layer that binds the coarse aggregate particles together. If
durable aggregate is used, porous concrete tends to
collapse at the boundary line between cement stone and
aggregate [85] and this leads to low compressive strength.
In this regard, they strive to increase the adhesion of the
binderto the aggregate, which is ensured by heteroepitaxial
growth of cement hydration products on the surface of the
aggregate, which acts as a substrate for crystallization of
new growths [14].

The permeability coefficient of such concrete (Fig. 6)
varies from 0.1 to 3.9 cm / s, the average values of sample
permeability is as follows:

— for road and pavement surfaces — 1.0 cm/s;

Type of Aggregate

Granite
Basalt
Pumice
Expanded
clay
Rubble
stone
Diabase
Sandstone

Fig. 3. The frequency of use of various types of coarse aggregate in highly permeable concrete
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— for filtration systems and drainage systems —
1.7 cm/s;

— decorative concrete with an organic plant layer —
2.8 cm/s.

22 of 58 samples belong to the zone of average values
(from 0.7, 1.1, 1.9 to 1.4, 2.2, 3.9 cm / s, respectively),
13 samples (sample numbers in the table are 14, 26, 29,
30, 33—36, 55, 63—65, 77) are characterized by increased
drainage ability.

Highly permeable concrete with a draining effect,
regardless of the functional purpose, is characterized by
high porosity, as a rule, from 15%, water permeability —
from 0.1 cm/s, significant absorption of noise and ambient
temperature due to the porous structure of the material
and its drainage ability. However, one of the negative
factors affecting the efficiency of the use of such concrete
is material degradation caused by temperature extremes
(transitions through the zero mark), physical and
biological clogging of the pore space, chemical and
biocorrosion, and low strength.

To sum up the analyzed information from the point of
view of the various functional purposes of highly permeable
concrete, we distinguished the following distinctive
features in terms of composition, requirements and
operation.

Permeable concrete used in sidewalk construction has
lower strength and durability compared to other types of
pavements due to the presence of high porosity, which
limits its use in places with high traffic density [82].

For concretes intended for single-layer or top layers of
two-layer road pavements with a traffic intensity of 200—
6000 units/day, the minimum required design class of
concrete in compressive strength is B25 [86], the average
strength should be at least 32 MPa, highly permeable
concrete with strength below normal can be used for the
pavements with low traffic intensity (sample number in
table 1—69).

Highly permeable concrete for filtration and drainage
systems (sample number in table 70—74) differ from other
materials in their functional purpose because of their
higher resistance to aggressive environmental influences,
lower strength (10—16 MPa) and porosity (15.5-25%),
but with increased filtration capacity in relation to highly
permeable concrete for road and sidewalk pavements.

Asarule, rainwater and groundwater contain fragments
of heavy metals, permeable concrete for filtration and
drainage systems allow water to pass through the thickness
of the material, absorbing and binding heavy metals in
groundwater.

One of the most promising alternatives to traditional
filters is the passive treatment of contaminated water with
the use of highly permeable reactive barriers derived from
concrete products. These barriers are designed to remove
heavy metals dissolved in water and its acid reduction [11,
12, 57]. Therefore, a separate technological task is the
required regular care to restore filtration ability.

For example, the authors of the work [11] showed the
possibility of the use of highly permeable concrete as a
reactive barrier for water purification, removal of cadmium

and Cd (II) ions using the chelation properties of
thiocyanate. For this purpose, fly ash granules modified
with 3-thiocyanatopropyltriethoxysilane are introduced
into the concrete mixture, which allows sequestering
heavy metals through the thiocyanate group.

It was found that the removal efficiencies of Al, Fe,
Mn, Co, and Ni were 75%, 98%, 99%, 94%, and 95%,
respectively, and a highly permeable reactive barrier can
reduce water acidity (pH) [12]. The high degree of acid
reduction and removal of metals by permeable concrete is
explained by the dissolution of its component, portlandite.
The mechanism for the removal of metals from water is
the deposition of metal hydroxides.

In one of the works [57], the effect of accelerated
carbonization and hydraulic delay time on the removal of
lead (Pb) in a permeable concrete filter is studied.
Accelerated carbonization technology suppresses the
increase in the alkalinity of a solution, regardless of its
initial pH, however, it increases the degree of calcium
leaching. Therefore, the cost of such a filter increases.
However, the time and materials required to process
1000 liters of a solution containing 8 mg Pb in an amount
of 84 mg/L with an efficiency of 84% are calculated as
36 hours and 3127 euros, which is quite inexpensive in
contrast to the currently used treatment facilities. In this
regard, it is recommended to install pre-treatment blocks,
that is, sand filters in front of a layer of highly permeable
concrete, due towhich it is possible to reduce the frequency
of filter maintenance, the use of concrete waste (recycled
aggregate) to reduce costs in the preparation of highly
permeable concrete.

As it is mentioned above, highly permeable concrete,
used in combination with plant objects, is not yet so
common in the architectural design of many countries,
including Russia. Decorative concretes with an organic
plant layer are called “living” and “plant concrete”
(sample numbers 75—78) [2—5]. There are several options
for their realization:

— decorative “living” walls [2], vertically cast using
standard formwork;

— retaining “living” walls [4, 5], designed to protect
slopes along roads and river banks;

— “living” plates [3], a kind of grass lawn cover.

The specificity of this type of concrete is the use of
mineral components, such as biochar [3], which improves
the germination of plant seeds in the concrete mix.

Special attention in the assessment of the operational
properties of such varieties of concrete is paid to the
chemical composition of the irrigation water passing
through the concrete, the measurement of its pH and the
rate of release of nitrogen and phosphorus (the release of
fertilizers from plant concrete), as well as the adhesion of
the layer of permeable concrete to the supporting part of
the structure.

The service life of highly permeable concrete with a
draining effect ranges from 6 to 20 years. The authors
studying the effectiveness of the use of permeable concrete
coatings note that with a high demand for this kind of
material and a number of its advantages, the question of
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Fig. 4. Porosity of highly permeable concrete samples
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susceptibility to clogging, leading to problems with
serviceability and premature degradation, is still open.

Physical clogging can be caused by the accumulation
of waste on the surface and in the structure of the pores.
This is probably the most common mechanism.

As well as ordinary concrete, the degradation of
permeable concrete during freezing-melting increases
with a higher degree of saturation of the pore space with
water. However, voids can provide some resistance to
destruction provided that they are emptied before freezing.
Therefore, it is recommended to place a highly permeable
coating over the drained base and minimize the
accumulation of free water in the thickness of concrete.

Biological clogging occurs due to the penetration of
plant roots, the germination of algae and bacteria. The
tasks associated with the increase of the biostability of
concrete can be solved by the use of a set of measures in

HAYYHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN

which, we should take into account the prospects for the
use of active components [87, 88], as well as the possibility
of bacterial biomineralization in addition to traditional
materials science solutions.

Thus, the analysis of the results of experimental studies
performed by both national and foreign authors allowed
structuring highly permeable concrete for its functional
purpose. On the basis of this structuring we distinguished
concrete for road and pavement surfaces, filtration and
drainage systems, as well as decorative concrete with an
organic plant layer, which, in turn, are used for both
horizontal and vertical engineering solutions and
characterized by high architectural expressiveness.
Another ranking criterion was the type of binder —
concrete based on cement, polymer or organo-polymer,
and also on composite organo-mineral binder. By the type
of mineral raw materials, which isused as a large aggregate,
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Concretes
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Concretes: science and practice

carbonate sedimentary (limestone) and aluminosilicate
intrusive (granite) rocks are distinguished. The main
controlled parameters during the evaluation of the
effectiveness of highly permeable concrete include
porosity of products, compressive strength and water
permeability coefficient.

Conclusion

This review article presents the analysis of the research
results of numerous authors working in the direction of the
optimization of compositions and search for technological
solutions in order to improve the performance of highly
permeable concrete, as well as expand the areas of their
use. The accumulated empirical material made allowed
generalizing and structuring the available data according to
such criteria as the type of binder used, the genetic type of
rocks used to obtain large aggregate and the type of
functional additives. The analyzed physical and mechanical
properties of concrete developed by various scientific
groups allowed deriving the boundary values of porosity,
strength and water permeability coefficient for concrete for
various functional purposes — road and sidewalk
pavements, filtration and drainage systems, decorative
concrete with an organic plant layer.

In connection with the expansion of the areas of use of
drainage concrete, and taking into account the fact that all
the functional areas of the use of highly permeable
concrete are more or less related to liquid percolation,
which, during the evaluation of the properties of such
varieties of concrete, entails a change in the chemical
composition of the irrigation water passing through the
concrete and pH environment, the following tasks,
designed to provide increased durability of materials still
remain relevant and open:

— increase of resistance to aggressive influences of the
operating environment, as well as the development of
highly permeable composite (multicomponent) materials
with prolonged corrosion resistance;

— optimization of the structure of the pore space in
order to minimize clogging of the pores and increase the
timing of the drainage function of materials;

— optimization of concrete composition in order to
increase the mechanical and chemical filtration capacity.
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